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FOREWORD

The work described in this report was authorized under Task
1B562602AD1002, Chemical Toxic Compounds, Analytical Studies. The
work was started in Qctober 1969 and completed in June 1970.

This report {s reprinted from the Analytica Chimica Acta 52,
537-544 (1970); copyright 1970 by the Elsevier Publishing Company,
Amsterdam. Letter of permission (from Professor Philip A. West*, Ccats
Chemical L.aboratories, College of Chemistry and Physics) to use this
copyrighted material is op file in the Office of the Counsel, Edgewood
Arsenal, Maryland 21010. Reproduction of the copyrighted material in
whole or in part is prohibited except with permission of the copyright owner.
Reprints can ke Gbtained from Dr. Harvey W. Yurow or Mr. Samuel Sass,
Chemical Laboratory, Edgewood Arsenal, Maryland 21010.
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DIGEST

Bipotentiometric titrations of various polynuclear aromatic
hydrocarbons, benzenes substituted with electron-donating groupns, and
w-excessive heteroaromatics in trifluoroacetic acid - dichleromethane with
lead (IV) or cobalt (III) acetate solutivn resultedin novel titrationcurves. Each
reagent incremeny usually resulted in the formation of a potential '"'saw

. tooth, ! indicating formation and decay of reversible redox couples; the
final titration curves had one or more potential minima regions before the
end-point, In almost all instances the titration curxve for a given aromatic
compound is characteristic, somewhat in the manner of a spectrophoto-
metric curve.
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BIPOTENTIOMETRY IN GRGANIC REDON SYSTEMS

PART LOXIDATION OF AOMATICCOMPOUNDS INTRIFLUOROACETIC ACi)

HARVEY W, YUROAV anp SAMUEL Bass

Lesear B Laboratortes, Ldgewood drsenai, Md 21010 (U .S,

{Recerved june 2:md, 1970}

Intense colors have been ohserved in spot-test reactions of polynuclear avomatic
hvdrocarbens oxidized with lad{IV) aectate in trifluoronectic acid (FFANL By anajo-
gy to electrochiemival oxidations, it was postulated that these oolors involved radicat
wtion species?d, B these species are sufficiently stable, then they might form elec-
trochemically reversible redox couples that can be detectel by means of bipstentio-
metry. This technique, which has been applied almost exclasively to inorganic sys-
tems !, nitkes use of 2 pair of platinum electrodes polarized with several microamperes
of direct current. If an electrochemicaliv irreversible sabsimte < 1eacted wirh a re-
versible titrant, then the potential betaeen tie two electsodes tonte polurized, the
ather depolarized) remains high during the titration but drops sharply in the vicini-
ty of the end-point when both cleetrodes are depolarized  An clectrochemivaliv re-
versible redox ceuple is one that can depolarize electrodes. beeatse the relatively
rapid rate of electron transfer maintains equilibrium at the eles trodes,

Organic biputentiometry, especiaily that for aromatic compounds, can differ
from the above in that during the titration of frreversible substrate with irreversibile
oxidant, intermediate reversible redox speeies of short but appraviable hatf-lives are
formed. Tiiis i» expecialiy trae in 2 solvent medium or low basieitv such as TUN,
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EXPERIMENTAL

Reagents

LeadtIV) aretate was prepared from red lead(IVy oatde3, while cobatt{l{i}
acetate was readily obtained from cobalt(lh) acetate and leadiIV) acetate® in TFA.
The solution of the lead{i V) salt, o1 X in TE, lost about 17, titer per dayv, and the
solid material slowly decompozed on standing, so that frequent standardization was
required.

The oxidants were staidardized with bromohvdrequinene (K & K Labsy,
reervstallized from water and standardized with dichromate in agueous solution wsing
diphenrlaminesulfonate indicitor. The standardization of oxidant, 0.1 N in TFA was
doue potentiometrivatly in s 1or {v'v mixture of TEY (Eastiman) and dichiorome-
thane zantaining o.01 M silver triflunroacetate,

Aromatic compounds fuvestigated were sommerdially available samples m
the purest grades available. Stoeck solutions 3.0-10 2 M in dichloromeihane were pre-
pared frest: every other day,
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Equipmeal

Potemiad nzasurements were trade with a Recknrn espandedssoale pit e
vontected to g Aargent medel MR recordter. Electrodes were muande with 1-mm
diateter stlver or pletCnum wire, Direct current was precided from o step-down
teansformer with a selesium rertifier (2.2 VD and a sertes resistazicr (o, 3 M.

Procedurs

The bipotenticmetric titration wis perfoened ina 3-md beaker with a miceobar
stirrer and a two-hole ahuxinam foi: co to caidintice evapetation of the sobent mis-
ture which was 1 mlof {EFA, 0.530 mbof stock solution, and 0.5 md of diclloremethane,
The stibstrute concentration was 1.25- 10 3.3 Air was not exciuded from the systens,
which was run at ambient temperazure. The electrodes were 5-em lengths of platinum
wire motnted in a polvethvivae —ap, soaced 1 nun apart and polatized with 7 4.\ of
applied direct current, Oxidant, 010 N i TEN, was mirodueed with el Gilmont
micveburet it increments of § g, 5t 13-5e¢ intervals, The el spred was 0.6 m
wmin 1,

For veasots of economy, the TEN was recovered from the expended sofvent
mixture by a simple fractionation.

RESULIS AND DISCUSSION
Breliminary experimenls

Inixial additions of oxidant to an aromatic sabstrate resulted in an almost
instentancous change in potential (A1 between the polarized electrides, followed
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OXIDATION OF AROMATIC COMPOUNDS IN 1FA 339

by “decay” of potential to & new value. This increment was wsually of the “saw-tooth™
tvpe. These increments went to make up titration curves that jiad one or more
potential minima regions before the end-point (see Figs. 1 4.

The shape and magnitude of the increments as weil as the shape of the ti-
tration curve for a given substrate wees guite sensitive to a variety of parameters,
fome of which are considerod iz detail in this paper. The four major parameters were:
ce-solvent, exidant, applied current (nore speeifically current density}? and delay
time between additions. Beeaunse of the low solubility of many aromatics in TFA, a
relativelv inert co solvent w.s required. Dichloromethiane was found to be satisfac-
tory anul had the added advantage that TEFA could be readily recovered by fractiona-
tion frony mixtures with it. Other polyhalogen alzanes could be substituted with no-
ticeable change in inerement shape. Benzene was too reactive to be a suitable solvent.

It was nated that lead{IV) and cobali{111) oxidants gave only small potential
drops 1 blank titrations, tndicating a low degree of electrochemical rea ersibility and
aliowing successiul ttie' »ns to be made. With the various substrates, these two
reag, nts were found to ditier in two important ways, With almest all of the compounds
testew, cobalt(1H), a r-equivalent oxidant, gave larger Al valtes than lead(lV), a
2-equivalent oxidant. This effect was magnified in very dilute setution (substrate
1.25-10~% M), Also, markedly diffcrent type carves were often given by bothoxidunts
with a give.. substrate. Manganese(111) behaved similarly to cobalt({{1), while thal-
liumy111) acetate reacted only with the most reactive substrates.

The current applied was 7 gA (2.1 Vio.3 MQ), but because of high solation re-
sistance, the actual value as measured with a microanuncter was only about half.

2000

!

; q!
f Tadfii e
I
. L 1 2 i 3. <005, ; 2 #ﬂ P
a &) & WO W W 240 o 0 -u) RO o W0 28
4 DY N Terary . &8 CA N ot
¥ig.1, Bipotentimmetric titiation of phonzuthrene with Wead{IV} acetate, a -ty T A8 curve.
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Iig. 4. Bipotentiometric titration of 1,23, g-dibeszanthraceis -with cobalt(ll)) septate, a typs
I AS curve. o= B
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TABLE |

CLASSIFICATION OF BIPOTENTIOMETRIC CURVES FOR VALIOUS AROMATIC COMPGUNDS

Class Compound (::llsﬁlfl;lll}oll
Lead(1V)  Cobalt(111)
o fale drelate
1 Polvnuclear aromatie .\up'.:th:\lcu; PAM ing 7
hydrocarbons Anthracene 11 By 1 Bsa
1. Linear Naphthacene i BM M
2. Angular anthracene 1,2-Benzanthracene i1 AS HAS
1,2,3.4 Dibenzanthracene 1 us fLAS
3,2,5,0-Dibenzanthracene §us 11 AS
3. Angular phenanthrene  Fhanthrene LAS ms
Chovsene 1 By Ivs
3. 4-Benzophenanthrene H BAY I AS
4+ Comdensed ring Friphenylene I B8 IBs
Uvrene 1BS I BS
1,2-Benzopyrene L BS I BS
3.4-Benzopyrene UM 1M
Perylene 1 BM 1 BM
5. Poivaryl Biphenyt 1.8 I BR8a
p-Terphenyl 1 B8« I 35s
1,1-Binaphthyl I BS It A5
2,2-Buaphthyi H B 1 AS
1-Phenyinaphthalene 1 BM> HiM
2-Pheavinaphthalene I AM 1 135S
9,10-Diplienylanthracens It M It BM
6. Non-alternant Fluorene I Bs 1 BM»
Fluosrantfiene 1 BMa 1 BMs
\cenaphthene I BS 1 BMs
Acenophthylene | SRV I BM
Azulene 1As I BM
7. Polvene cis-Sulbene 1AM 1L AS»
irans-Stitbene IaAs 11 AW
S. Miscellaneous Biphenyicne I BM» I BM»
11, Substituted benzenes Anisole I Bs 1BS
1. Ethera 2.Chloroanisale i1 \S 188
3-Chloroanisule 1. defined 1 BS
4-Chloronniscle I ASe 1 1iSs
2, Pherols Phenol T AM 1S
2.Chloruplenol iaM 1AM
3-Chlorophenot [ IAWY] 1 AS
§+-Chbsroplienal 1AM 11 13M
3. Jmincs Anitme Ulidzfined  Hl-defined
2-Cliloroaniline 118 1 BM
3-Chloroambme Hdefined  Hledefined
4-Chloroanifine Ubdefined  Hi-defined
Dipheonylanuns tBM 1 BM
1. m-Excessive Thiophene 1 BM Hi-defined
heteraxto matics Carbazole I BM iBnM
Phenothinzine 1AM I AN
Phenothioxin 1 B\ 11 3l
Vhenoxisine 1AM It AM

s Refativedy largre A1 incremeitts,

Anal. Shim Acta, 52 (3970) 537 542




OXIDATION OF AROMATIC COMPOUNDS N TERA 541

This value was just sufficient, under experimentsl conditions with the rujority of
compounds anisoles and phenols required 3.5 2e), to bring the pit meter needle on
scale with tiw asymmetry control. Consequently, the seale included @ y.300 m\V pan
between shout +000 and + 2000 mV, Smaller applied currents changed the AV
‘alues soniewhat but not the shape of the titratien curves. With the same current
(7 #A and a larger ballast? load, 49 V7 MQ) less well-defined curves were abtained
than with the above. A 13-sec interval between titration additions and a chart speed
of 0.5 in min-t were feund to be optimal for the qualitative comparison of the com-
pounds studied; bat for quaatitative studies, other values of current density, ballast
load and interval between additions miglit be more suitable.

Other parameters that were found to affect the shape of increments included:
(a) presence of added bases«. such as water (1¢,) in the solvent mixture, that combined
with reactive intermediates, and () rapidity of reagent addition and stirring, which
influenced Al values.,

Einally, it should be mentioned that inclusion of a third (reference) electrode’,
consisting of a silver wire dipping into the titration mixture containing o.01 M silver
trifluoroacetate, gave different curves when reference and anode or reference and
cathode potential difference was measured.

Classification of titration cyrees

Well-defined titration curves were considered to be those with an end-puint
break and, preferably, one or more potential minima. Certain compounds (e.g. aniline,
and the g-deficient heteroaromatics—acridine, phenazine, and phenanthriding)
gave “saw-tooth” increntents but peorly defined curves which lacked both poteatial
minima and end-points.

Classification was based upon titration of fresh stack solutions of assumad re-
latively pure compounds. Solitions used over nwore than 1-2 days often gave signi-
ficantly different results.

The curves for representative compounds of different classes of aromatic
compounds with lead( IV} and cobalt{1I) are classified in Table 1. The carves, re-
presentative examples of which are given in Figs. 1 -4, are classified on the following
basis.

1. Whether the curve had 1, 11, [, ete. potential minima before the end-point.
Potential minima were “troughs’ m the titration curves formed by drawing a line
connecting increments at their upper tips. With lead{IV} titrant almost all substrates
gave a curve having a slight rise after the end-point, which for the purpose of classifi-
cation wus pot considered a true poteatial minimum.

2. Whether the minimunt potential was above (A) or below (13, that for the
end-point for type I curves; or whether the first minimun was above {A} or below (B),
that for the second for type I curves. Type HI and IV curves were suéficiently rare
that no further subdivision of thiz type was made.

3- Whether the curve was made up exclusively of “saw-tooth™ increments (8
ot included a significant wumber of mdxed type increments (M. “Saw-tooth” incre-
ments were those where the internal angle of the “saw-tooth” was less than 9o .
Other increments were often encoentered with angies between go” and ca. 135
Occasionally inverse increments resulted.

This classification (Table I} leads to the observation that for condensed poiv-

Anal. Clim. Adcta, 52 (107¢) 537544
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542 H. W, YUROW, S, 883
nuclear aromatic hydrocarbons and jour eut of five -excessive heteroaromuties stu-
died, both oxidants gave curves of the same class type

Quantitative relationships

Quantitative relationships among the various curves were not studied in anv
detail in this investigation but would include magnitude of potential drop (A1),
decay rates of reversibie redox couples, and stoichiometry at potential minima and
end-points. For these purameters, it would be necessary to control fairly closely suels
factors as temperature and speed of addition. However, it is noteworthy that guder
the experimental ceadittons used, a number of biarvls and p-substituted anisoles gazve
relatively large A7 values. Decay rites varied considerably (e, o.1--1 min hadf-lives),
not only from compound to cotmpound but even it various positions of a given titra-
tion curve, In many instances, increments in the ascending portion of acurve decaved
more rapidly than those in the descending portion. Potuatial mé, ima often did not
correspond to integral oxidation equivalents, possibly indicating concurrent rather
than sequential oxidation, For many of the curves, end-points were relativeiy gradual
and non-stoichiomerrie, which: is probably partiv due to the non-equitibrium condi-
tions emploved. Further, reaction of substrate with exygen in the air was observed
with reactive hvdrocarbons such as peiviene or rubrene.

Almost all of the compounds examined gave vivid color transitions during
the titrations. In a number of instances these changes corresponded to 2harp changes
in the hipotentiometric curves,

Oxudativn mechanisus

For bipotentiometry and biamperometry electrochemically reversible redos
couples are essential. In organie bipotenticmetrs in a relatively inert solvent, electro-
chemical reversibility and, consequently, the shape and size of the titraticn inerement=
will depend essentially upen two equations:

Ar = Ar-de- i1}

281 - Ar-Ars 2 {2

Oxidations involving less of an electren tegin {01 are capable «f being eleciro-
chemically reversible, while loss by aubstrate of a hyvdrogen atony exeept OH or NI,
ora hvdride inn genetally renders them wreversible. ifarther, if the vate ot dimerization
of the radical eation is rapid (relatively unstable radical cationy compared to the rate
of initial electron transfer then reaction (1) will be rendered irreversiple.

Electrochemical andror chemival eviden: e indicates that for polvniteie s aro-
matic hydrocarbons®, heteroaramatics®, and aromatic ethers?, nitial oxidation gives
the radical cations Ao and MO R, respeetively, wiiile pheaols o give Ar O,
Amines oxidized clectrochemically give Ar N and chemieal oxidation produces
Ar-NH11, These radical cations differ widely in instability with respect to dimetizai-
tion. Relative stabilities can be estimated by Hughest illed Maolecular Orbital cal-
culations®. Radical cations from z-deficient heteroaronatics and amlines are par-
ticularly unstables. In the current investigation, it was found (hat alt of the cxamined
polvnuclear aromatic hydrocarbons, phenols (with cobalte il ealyl, and aromatic

Aual. Caom, deta, 32 o703 537 848
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CXIDATION OF AROMATIC COMPOUNDS IN TFA 543
ethers gave well-defined titration curves, indicating that even the most unatable of
these radical cations or cations were sufficient!y stable to cause depolarization, while
several anilines tested gave poorly defined curves {the o-chloro compound being an
exception).

One may speculate on the relative size of the petential dropst2, Since the -
tration solutions were stirred, mass transfer rates were relatively rapid and, as was
observed, radical cation hall-ives were of comparable duration to smeasurcment
times. Censequently, the electron transfer rate apparentiyv controls the magnitude of
AV, Since very little information is available on organic electron transfer coefficients,
meaningful disrussion is not yet vossible.

While the first step in the above oxidations is relatively straightiorward.
subsequent loss of electrons is more complicated. Stoicldomeiry for organic bipu-
tentiometry indicated that two or more equivalents of oxidant were often involved.
Poszible reactions for poivnuciear aromatic hydrocarbons in~lude oxidution of dimer
to radical cation Ar-Ar.7 ot to Ar-Ar2+ ¢r oxidation of radical cation to cation Ar2+3,
reactions which may be concurrent or sequential. Further information could be ob-
tained by coupling bipotentiometry with such technijues as spectropliotometry, elec-
tron spin resonance, or cyvelic sweep voltammetry.

SUMMARY

Bipotentiometric titrations of various polynuciear aromatic hivdrocarbons,
benzenss substitated with slectron-donating groups, and ;1-excessive heteroaromatics
in trifluorcacatic acid-dichioromethane vith lead(I'V) or cobalt{lII) acetate solution
resulted in novel titration curves. Optimum qualitative results were obtained with a
15-sec delay between additions of titrant. Each reagent increment usually resulted in
the formation of a petential “saw-tooth™, indicating formation and decay of reversible
redox couples; tie final titration curves had one or more potentinl minima regions
before the end-point. Because of considershle differences in number, reversibility
and stability of oxidation intermedintes, ne two aromatics of those tested gave iden-
tical curves. However, sufficient similarities existed to permit a wystem of curve clas-
sification and some degree of correlation. The technique 15 a8 present essentially a
qualitative one. In aimost ail instances the titeatios curve for a given arcinatic
compound is characteristic, somewhat in the manner of z spectrophotometric carve,

RESUMI

Une ctude est effectude sur les titrages hipotentiométriques de divers hydro-
carbures aromatiques polvnucléaires, de benzénes suistituds et de composés hétéro-
aromatiques, dans le milien acide trifinoroacétiqua-dichloreméthane, a Taide de
solutians d'acétate de plond(IV) et de cobalt{113). Cette techinique est actuellement
essentivllement quaditative. Bans presque ehique cas, kucourbe de titrage est caracte-
ristiqite pour un composé aromatique donné, une pen 3 la manidre d'une courbe
spectruphotomstrique.

ZUSAMMENFASSUNG
Verschiedine mehrkernige aromatische Koblenwassersteffe, mit Elektronen-

Anal Chua Adda, 32 £1970) 537344
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244 Ho W, YUROW, 8, SASS

donor-Guppen substituierte Benzole und -clektronenreiche Heteroaromaten warden
in Trifluoressigsiure--Dichlormethan mit Blei(IV)- oder Robalt(111)-acetat-Losong
bipotentiometrisch titriert. s erubon sich neuwartige Titrationskurven. QOptimalte
qualitative Ergebnisse wurden erhalten, wenn das Titrationsmittel in Abstinden
ven 15 sec zugegeben wurde, Jede Reagenzzugabe [alate normalerweise 7u ciner »3i-
gezalmfvrmigen Potentinlverinderuag, die Bildungund Zerfali reversibler Redoxpaare
anzeigie. Die schliesslich erhaltenen Titrationskurven hatten ver dem Endpunkt einen
ader mehrere Bereiche mit Potentialminima. Wi jen der erheblichen Unterschiede in
der Anzahl, Reversibilitiit und Stabilivit Jder Oxidationszwischenstufen waren unter
den untersuchten Aromaten Leine mit identischen Titrationskurven, Dagegen waren
geniigend Ahnlichkeiten vorhanden, die ein System der Rurvenklassitizierung erlaub-
ten und in gewissem Grade Bezichunge erkennen liesser. Das Verfahren ist gegen-
witrtig im wesentlichen fur qualitative Zwecke anwendbar, Bei fast allen Beispiclen
ist die Titrationskurve fiir vine gegebens aromatizche Verbindunyg charakteristisch,
etwa in der Art einer spektrophotometrischen Kurve.
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